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GEOTECHNICAL CHARACTERISTICS OF SEISMICALLY-INDUCED
ARATOZAWA LANDSLIDE, JAPAN
Ivan Gratchev
The University of Tokyo
Hongo, Bunkyo-ku, Tokyo-Japan 113-8656

Ikuo Towhata
The University of Tokyo
Hongo, Bunkyo-ku, Tokyo-Japan 113-8656

ABSTRACT
This paper seeks to investigate the properties of volcanic soil from the Aratozawa landslide, the largest failure triggered by the 2008
Iwate-Miyagi Nairiku earthquake, Japan. Field investigation was carried out to estimate the in-situ characteristics of volcanic material.
It was found that the soil was highly weathered, having low dry density and high moisture content. Laboratory examination included a
series of triaxial compression tests which were performed to evaluate the dynamic properties of volcanic soil. Results of undrained
cyclic loading tests indicated that the material had a high potential for generation of excess pore-water pressures, which could lead to a
significant loss of strength during earthquake loading. This finding suggests that liquefaction might have occurred in the weathered
mass of volcanic rocks during the earthquake, initiating the failure. Based on the results of this study, the role of volcanic soil in the
slide development was determined.

INTRODUCTION
The Iwate-Miyagi Nairiku earthquake struck the Tohoku
region, northeastern Honshu, Japan on June 14, 2008. The
epicenter was located about 85 kilometers north of Sendai, and
about 385 kilometers north-northeast of Tokyo (Fig. 1). The
Japan Meteorological Agency estimated the magnitude (MJMA)
at 7.2, while the moment magnitude (Mw) measured by the
USGS was 6.9. The earthquake triggered several slope
failures, primarily deep-seated rotational slides in weathered
rocks, as well as a few shallow translational slides and debris
flows.
The Aratozawa landslide located in the vicinity of the
Aratozawa Dam was clearly the largest failure caused by the
quake (Fig. 2). The landslide extended about 1.2 kilometers
long and 800 meters wide. The total volume of the sliding
body was estimated to be 67 million m3 (Miyagi et al. 2008).
The height of a newly-created cliff was about 150 meters,
making this landslide one of the largest failures that occurred
in the past few decades in Japan. Another peculiar feature
distinguishing this landslide was extensive lateral movements
of the soil mass. The material from the original bluff line
moved laterally about 300 meters, carrying a 3.5 km-long
section of road down slope.
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A research group from the University of Tokyo, including the
writers, conducted a field survey to evaluate the in-situ
properties of soil involved in sliding and collected the data
necessary to understand the mechanism of slide initiation and
development. The survey showed that the shape of the
landslide was significantly affected by displacements of the
original ground surface, resulting in a complex system of
ridges and depressions. The ridges were formed from
relatively hard volcanic rocks while the depressions were
mostly filled with fine-grained material. Observations
indicated that the ridges of volcanic rocks had undergone large
displacements with almost no change in elevation, suggesting
that the sliding occurred along a very gentle slip surface.
Boring data obtained and published online by the Tohoku
Regional Forest Office seem to lend support to this
assumption. Their report (Tohoku Regional Forest Office
2008) indicates that the sliding surface developed at the depth
of 150-200 m in a layer of siltstone sloping downward to the
south by 3-4 degrees.
Several slides of a smaller scale were also triggered on the
ridges of volcanic rocks within the slide body, forming slopes
with steep inclinations of 40-50 degrees. Miyagi et al. (2008)
noted that within next 10 minutes after the earthquake ended,
the toe part of the landslide broke into smaller blocks and
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plunged into the reservoir, causing a wave that overtopped the
spillway of Aratozawa dam. In total, about 4.0 million m3 of
debris material slid into the reservoir, raising concerns
regarding the stability of the dam.

Fig 1. A map of Japan showing the epicenter of the 2008 Iwate
Miyagi Nairiku earthquake.

SITE CONDITIONS IN THE ARATOZAWA LANDSLIDE
AREA
The general soil conditions determined on the basis of boring
data can be found in Fig. 3, where a soil profile along the slide
zone of the Aratozawa landslide is presented (line A-A’). As
can be seen in Fig. 3b, the north part of the area where no
sliding occurred is covered by a massive layer of volcanic
rocks such as welded tuff and pumice. The volcanic rocks are
underlain by a deep bed of sedimentary rocks, including
siltstone with alternating layers of sandstone. Analysis of
geomorphic features of the Aratozawa landslide area has
prompted Chiba et al. (2008) to assume that the Aratozawa
landslide was a partial reactivation of an existing old slide.
Results of field investigation conducted in the Aratozawa
landslide area in 1992 by Chiba et al. (2008) and in 2008 by
the Tohoku Regional Forest Office (2008) seem to provide a
basis for this hypothesis. Boring data combined with the
results of SPT-test suggested that the slip plane had probably
existed in a weak layer of siltstone in the south part of the
Aratozawa landslide. The strength of this material was
characterized by SPT N-values of about 5-7. Results of ringshear tests reported by Hasegawa et al. (2009) also indicated
that the strength of the siltstone from the slip plane was low
(φ′≈10°, and c≈0 kPa), a finding that was primarily attributed
to the presence of smectite.
N

This paper reports and discusses the results of field
investigation and laboratory examination of soils samples
conducted at the geotechnical laboratory of the University of
Tokyo. During the field investigation, the in-situ
characteristics of volcanic soils exposed on the slip planes of
two different ridges were examined in detail. Portable cone
penetration tests were performed to evaluate the strength of
soil and the degree of weathering. High-quality soil samples
were collected for laboratory examination that included a
series of undrained cyclic loading triaxial compression tests.
Based on the obtained results, the role of volcanic material in
the mechanism of the Aratozawa landslide was determined.

A

(a)

Blo ck C
Bl ock E

Blo ck D

P2

Blo ck B

Blo ck B- 2

Block A-2

Blo ck B- 1

Block B-2-2
B-2-1

Block A

Block B-1-1

Block A-1

P1
BV- 4

0

100 200

400 m

A

(b)
A
El eva tion (m)

Before la ndslide

Paper No. 4.10b

A

Welded tuff
400

BV-4

Pumic e

300

Siltst one

200
0

Fig. 2. An aerial view of the Aratozawa landslide. Photo
courtesy of the Asia Air Survey Co. Ltd.
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Fig. 3. Plan of slide area (a), and soil profile through A-A’
(b). After Tohoku Regional Forest Office (2008).
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MECHANISM OF ARATOZAWA LANDSLIDE
As previously noted, one of the prime factors leading to the
large lateral displacements was the presence of a weakened
zone formed in the siltstone layer. However the mechanics of
soil movement above this zone were complex, involving the
lateral displacement of old landslide mass and the newlyformed ridges of volcanic rock. Utilizing the field and
laboratory data discussed above as well as the results of
computer analysis performed by Hamasaki et al. (2009), the
mechanism of the Aratozawa landslide can be described as
follows. It is believed that a weakened zone was formed in the
volcanic rocks, probably, in the early stages of the earthquake
(Fig. 4b). Possible causes of the development of such a
weakened zone were a loss of strength in the volcanic rocks
due to the cyclic shear stresses and strains induced in them by
the earthquake. Then, sliding of a mass initiated after the
formation of failure plane in the volcanic material would
likely occur along the already existing slip plane in the
siltstone (Fig. 4c). Furthermore, as the earthquake shaking
continued, deformations of the sliding body would probably
cause a further loss of shear strength as the result of remolding
in the shear zones, thus facilitating lateral displacement.
Following the lateral translation of the newly-formed ridges,
extensive tension cracking might have developed in the
volcanic material behind the ridge. Settlement of the area
behind the ridge formed a new scarp at the back of the slide
area and a graben type of depression (Fig. 4d).
(a)

(b)

investigations, thus shedding further light on the mechanism
of the Aratozawa landslide.

RESULTS OF FIELD INVESTIGATION
Two sites, where volcanic soil identified as pumice was
exposed on the newly-created sliding surface, were selected
for careful examination. The first point marked as P1 in Fig.
3a was located on the scarp of a relatively large slide near the
toe part of the Aratozawa landslide. The latter was located on
the newly-formed ridge in a place denoted as P2 in Fig. 3a.

Old landslide (?)

Slip surfac e ( ?)

(c)

(d)

Fig. 4. Hypothesized mechanism of slide development and
movement. After Tohoku Regional Forest Office (2008), and
Hamasaki et al. (2009).

From the aforementioned analysis, it can be inferred that the
slip plane, which had probably existed in the siltstone before
the earthquake, significantly contributed to the development of
the Aratozawa landslide, providing a lubricated surface on
which blocks of soil from the sliding mass could move with
little resistance to motion. Yet, little is known regarding the
role of volcanic soils in the initiation of sliding. This paper
reports and discusses the geotechnical characteristics of
volcanic material obtained from field and laboratory
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Fig. 5. Portable cone penetrometer used to evaluate the in-situ
properties of volcanic material from the sliding zone (a); and
results of portable cone penetration test (b).
Portable cone penetration tests (Fig 5a) were conducted at P1
to evaluate the in-situ strength of pumice as well as the
thickness of weathered mass. Results presented in Fig 5b
indicate that the weathered zone extended to 1.5-2.0 m below
the sliding surface. In addition, undisturbed soil samples were
collected at both sites for laboratory investigation. Results of
laboratory tests show that the pumice was in a relatively loose
state, having a dry density in the range of 1.0-1.1, and the
moisture content varying from 40-50%.
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RESULTS OF LABORATORY INVESTIGATION
Grain-size distribution analysis and slake-durability tests were
carried out to determine the geotechnical properties of
volcanic material. Grain-size distribution curve given in Fig. 6
indicates that the weathered volcanic material contained a
relatively high amount of fine particles (≈23%). Slakedurability tests conducted in accordance with the procedure
introduced by Franklin and Chandra (1972) yielded a
relatively small slake-durability index of 20%, suggesting a
high degree of soil deterioration.

initially consolidated to effective minor principal stresses of
σ3c’=50 kPa (a,b) and σ3c’=100 kPa (c,d), are shown in Fig. 7.
The effective stress paths are presented on the p’-q diagram,
where p’, effective mean normal stress, p’=(σ’1+2∗σ’3)/3 is
assigned to the horizontal axis and q (=σ1-σ3) is plotted on the
vertical axis. In the case of σ3c’=50 kPa (Fig. 7a), the
specimen reached an axial strain of 5% in seven cycles of
loading. During testing, excess pore-water pressures
developed, leading to a loss in the effective stress (Fig. 7b).
For the stress conditions represented by σ3c’=100 (Fig. 7c,d),
the axial strain of 5% was developed in the specimen after
four cycles of loading, and thus failure was triggered.
Summary of all the tests performed with σ3c’=50 kPa are
presented in Fig. 8 as the number of cycles required to cause
5% axial strain against cyclic stress ratio (CSR).

Fig. 6. Grain-size distribution curve of volcanic material used
in a series of triaxial compression tests.

Cyclic Loading Triaxial Compression Tests
The dynamic properties of pumice were evaluated on the basis
of undrained triaxial compression tests (JGS 0541-2000).
Tests were performed on undisturbed and reconstituted
samples, which were collected from the sliding zone at P2.
Undisturbed sample was first frozen, then carefully trimmed
and set in a conventional triaxial apparatus. After the triaxial
specimen thawed, saturation was performed by purging the
specimen with carbon dioxide for approximately one hour.
Deaired water was then introduced into the specimen from the
bottom drain line. The reconstituted specimens were produced
by the air-pluviation method (JGS 0520-2000). The initial
height and diameter of the test specimens prior to saturation
were 75 and 150 mm, respectively. The specimens were
prepared to have an initial dry density of 1.0 g/cm3, a value
that correlated to the dry density of the undisturbed samples. A
minimum B-value of 0.97 was obtained for all tests. To
account for the effect of sloping, all the specimens were
anisotropically consolidated to a principal stress ratio,
K=σ’1/σ’3, of 2.0. Following complete consolidation, cyclic
loading was applied under undrained conditions for 20 cycles
or until the sample failed. It is noted that in this study the
failure criterion or liquefaction was defined as 5% axial strain
in double amplitude, following Ishihara (1996).

Fig. 7. Results of undrained cyclic loading triaxial
compression tests plotted as: (a, c) deviator stress versus axial
strain; and (b, d) deviator stress versus mean effective
confining stress.

Fig. 8. Summary of undrained cyclic loading triaxial
compression tests.

The results of two representative tests conducted on specimens
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Evaluation of Liquefaction Potential of Volcanic Soil
The possibility of liquefaction occurring in the pumice during
the earthquake may be assessed by comparing the magnitude
of cyclic shear stresses induced by earthquake ground motions
with the cyclic stresses required to trigger liquefaction in
cyclic loading tests for comparable initial conditions. Cyclic
stress ratio (CSR) was estimated as part of ‘simplified
procedure’ introduced by Seed and Idriss (1971), using the
following expression:

σ a
CSR = 0.65 v 0 ' max
 σ v0

(2009) conducted undrained ring-shear tests on pumice from
the Aratozawa landslide and reported that, when subjected to
large shear displacements, the strength of pumice could
significantly decrease as the result of liquefaction.


rd


in which amax is the maximum horizontal acceleration at the
ground surface in g’s, σvo and σvo’ are the total and effective
vertical stresses at depth z. The parameter rd is a stress
reduction coefficient that accounts for the flexibility of the soil
column.
Tawara (2009) reported that a maximum acceleration of
525gal was recorded during the quake by a seismograph
installed inside the Aratozawa dam foundation in the direction
of landslide movements. Unfortunately, little is known
regarding the ground water conditions prior to the earthquake.
Without more detailed investigation, which is out of scope of
this research, it is not possible to determine whether the
ground water table existed above the failure plane or the water
in the landslide mass was distributed sporadically. Thus, for
convenience of this analysis, it is assumed that the total stress
was somewhat similar with the effective stress along the
potential failure plane. The stress reduction coefficient of 0.9
was selected on the basis of empirical correlations between
depth and the earthquake magnitude (Idriss 1999), resulting in
the cyclic stress ratio (CSR) of about 0.3. According to Seed
and Idriss (1982), the irregular earthquake loading produced
by the 2008 Iwate-Miyagi Nairiku earthquake could be
approximately represented by ten regular load cycles, which is
the number of cycles typically obtained for M=7.0.
Comparisons between the induced and required stress cycles is
shown in Fig. 8, from which it may be seen that the computed
value of shear stress (CSR≈3.0) developed in the soil would
induce liquefaction in about 3 cycles. This finding indicates
that liquefaction of pumice might be expected to have
occurred in the early phase of the earthquake.

Post-Cyclic Strength of Volcanic Soils
After the application of cycle loads, static compression tests
were performed in order to obtain an indication of the strength
remaining after the simulated earthquake loading (Fig. 7a,c).
The remaining undrained strength was estimated on the basis
of effective stress conditions as follows: φ’≈38.3° and c’≈2
kPa (Fig. 9a). It is noted that in terms of total stress conditions,
the strength parameters are significantly low, measured to be:
φ≈28.9° and c≈4 kPa (Fig. 9b). It is noted that Fukuoka et al.
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Fig. 9. Post-cyclic strength of the volcanic soil presented in
(a) effective and (b) total stress conditions at failure (φ friction angle, c –cohesion).

SUMMARY AND CONCLUSIONS
The results of field and laboratory investigation into the
geotechnical properties of volcanic soils from the Aratozawa
landslides, which occurred during the Iwate-Miyagi Nairiku
Earthquake of June 14, 2008, have been presented herein. The
following conclusions resulting from the study are:
- The volcanic material identified as pumice was heavily
weathered and loose, having high values of moisture content.
The slake-durability index was measured to be as low as 20%,
suggesting a high degree of deterioration of the soil.
- The data from undrained cyclic loading triaxial compression
tests revealed that the pumice had a high potential for
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generation of excess pore-water pressures during earthquake
loading. The test results also suggested that liquefaction could
have occurred in the volcanic soils, most likely during the
early stages of the earthquake.
- Laboratory data indicated that a loss of strength could occur
in the volcanic soil as the result of pore-water pressure buildup.
- From the results obtained in this study and the data presented
by other researchers, the mechanism of the Aratozawa slope
failure can be hypothesized as follows: in the early stages of
the earthquake, a weakened zone and slip plane developed in
the volcanic rocks due to high pore-water pressures induced
by the shaking and the subsequent loss of strength. Once
failure occurred in the volcanic material, sliding of the
landslide mass was initiated along the already existing slip
plane in the siltstone, resulting in extensive lateral movements.
It is noted that the main objective of this research was to
provide field and laboratory data related to the properties of
volcanic soils from the Aratozawa landslide. It is recognized
that some degree of judgment has been exercised by the
authors in positing the mechanism of the failure, and other
interpretations of the available information may be possible.
However, it is hoped that this study presents sufficient detail
regarding the geotechnical characteristics of the volcanic
material, and in this way, provide information which can
improve our understanding of the mechanisms of large-scale
slides such as the Aratozawa landslide.
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